Abstract-In this paper, the characteristics of a small antenna using an H-shaped microstrip patch are studied. Significant reduction of antenna size can be realized when the H-shaped patch is used instead of the conventional rectangular microstrip patch antenna. The theoretical analysis is carried out based on the finite-difference timedomain (FDTD) method. The FDTD programs are developed and validated by available measurement results. The effects of various antenna parameters on the resonant frequency and radiation patterns are shown. Several design curves are presented, which are useful for practical antenna design. The electric current distributions on the patch and those on the ground plane are described, together with the results illustrating the electric field distributions under the patch. This antenna is suitable for applications where small size and broad beamwidth are required.
Nowadays, due to their several key advantages over conventional wire and metallic antennas, microstrip antennas have been used for many applications, such as Direct Broadcasting Satellite (DBS) Systems, mobile communications, Global Positioning System (GPS) and various radar systems [1] [2] [3] [4] [5] [6] [7] . Their advantages include low profile, light weight, low cost, ease of fabrication and integration with RF devices, etc. They can also be made conformal to mounting structures. However, when they are applied in the frequency range below 2 GHz, the sizes of conventional rectangular microstrip patches seem to be too large, which makes it difficult for them to be installed on televisions, notebook computers or other hand-held terminals, etc. Several techniques have thus been proposed to reduce the sizes of conventional half-wavelength microstrip patch antennas. In [8] , using high dielectric constant material has been proposed, however, this will lead to high cost and high loss due to the use of high dielectric constant material. Also, poor efficiency due to surface wave excitation is another drawback of this method. Another technique for reducing the size of a microstrip antenna is to terminate one of the radiating edges with a short circuit [4] . The short circuit can be in the form of a metal clampor a series of shorting pins. In [9] [10] [11] [12] , shorting pins were used in different arrangements to reduce the overall size of the printed antennas. It was shown that by changing the number of shorting pins and the relative positions of these pins, the resonant frequency of the shortcircuited microstrip patch can be adjusted. Significant size reduction of microstrip patch antenna has been achieved by using a single shorting pin located near the feed point. One problem with this method is the difficulty in fabrication, as shorting pins have to be accurately inserted into the substrate in specific positions. This difficulty becomes more obvious especially for antenna arrays. Recently, small folded patch antennas without a shorting wall/pin have been proposed [13, 14] . This kind of antenna also demonstrates the capability of size reduction. Other methods, which involve the modifications of patch shapes have also been proposed. Small microstrip patch antennas using square or rectangular slot loading have been proposed and studied [15] [16] [17] . The ring antenna is a special case of slot-loaded microstrip antennas and has been studied by several authors [ 18] . An H-shaped microstrip patch antenna was firstly proposed in [19] . Experimental results presented in [19] show that the H-shaped microstrip patch has a much smaller size than those of conventional half-wavelength rectangular patch antennas and ring antennas. For practical design purposes, more information about this kind of antenna is required, and a parametric study based on the full-wave method is needed, which are the motivations of present paper.
The organization of this paper is as follows: Section 2 presents the finite-difference time-domain (FDTD) method used for numerical analysis, and comparisons between theoretical results and experimental results are shown; Section 3 presents a parameter study illustrating the effects of various antenna parameters on the resonant frequency and radiation pattern characteristics, and the electric field distribution under the patch, current distributions on both the patch and the ground plane are also given and discussed; and the paper ends with conclusions in Section 4.
ANALYSIS OF H-SHAPED PATCH ANTENNA USING FDTD METHOD
The H-shaped microstrip antenna consists of an H-shaped patch, supported on a grounded dielectric sheet of thickness h and dielectric constant ε r . The physical dimensions of the H-shaped microstrip patch antenna are shown in Figure 1 . The patch has a total length of a. It can be divided into three parts: a center conductor strip with length s and width d, and two identical conductor strips with length w and width b on both sides. The feed point is located at the point (x 0 , y 0 ). 
Outline of the FDTD Method
In the theoretical analysis, we use the finite-difference time-domain (FDTD) algorithm, because it is very simple to understand and can be used to analyze antennas of many complex structures. As the detailed theory on FDTD is available in [20] [21] [22] [23] [24] , only a brief outline will be presented here. The first step in designing an antenna with an FDTD code is to grid up the object. A number of parameters must be considered in order for the code to work successfully. The grid size must be small enough so that the fields are sampled sufficiently to ensure accuracy. Once the grid size is chosen, the time step is determined such that numerical instabilities are avoided, according to the courant stability condition. A Gaussian pulse voltage with unit amplitude, given by
where T denotes the period and t 0 identifies the center time, is excited in the probe feed. For the feed probe, we use a series resistor R s with the voltage generator to model the current in the feed probe [17, 24] . To truncate the infinite space, a combination of the Liao's thirdorder absorbing boundary conditions (ABC) and the super-absorbing technique is applied, as in [5-6, 17, 21-23] . After the final time-domain results are obtained, the current and voltage are transformed to those in the Fourier domain. The input impedance of the antenna is then obtained from
To get the electric current distributions on the patch and the ground plane, a sinusoidal excitation at the probe feed is used, which is given by
where f 0 is the resonant frequency of interest. The field distributions are recorded at one instant of time after the steady state has been reached. In our analysis, the total time for stability is more than 6 cycles. The electric current distributions J x and J y on the metals are obtained by the difference between the tangential magnetic fields above and below the metal interface [17, 24] . After the field distribution has been obtained, the radiation pattern can be readily calculated by using the near-field to far-field transformation [17, 24] .
Comparisons between Calculated and Measured Results
Based on the FDTD algorithm described before, a software package in Fortran 77 language has been developed by us. To verify correctness of the FDTD code, we did a lot of simulations and comparisons are made between many sets of theoretical results and measured results available. Generally, we observe a fairly good agreement among these results. Here, due to limited space, only two examples are shown.
Firstly, the reflection coefficient of an edge-fed rectangular patch antenna is calculated. The patch has a length of 16.0 mm and a width of 12.448 mm. The substrate has a height of 0.794 mm and a relative permittivity of 2.2. The results calculated using present FDTD code and the results measured in [25] are compared in Figure 2(a) . In general, the measurement confirms the theory over the entire frequency band. Slight discrepancies between the results are observed, which may be due to numerical errors and the measurement inaccuracies, etc. Two resonance phenomena are shown clearly at 7.6 GHz and 18.3 GHz respectively, just as expected.
In the second example, we calculate the input impedance of the Hshaped patch antenna with the same dimensions as those presented in [19] . The parameters are: b = 33 mm, w = 14.25 mm, s = 26 mm, d = 15 mm, ε r = 2.5, h = 1.59 mm. The calculated results and measured results in [19] are compared in Figure 2 (b). Again, a good agreement is observed between them. From these comparisons, we gain confidence in the present FDTD code. It has been concluded in [19] that for the resonant frequency considered, the size of the H-shaped patch is nearly half of the conventional rectangular patch antenna, i.e., a large size reduction can be achieved. In the following, a parameter study of the H-shaped patch antenna is performed using the FDTD code. This is similar to the case in Figure 4 . From the numerical results, it is interesting to find that the resonant frequency decreases more quickly with the increase in center strip lengths than that with the increase in the total of two side strip lengths (2w).
A PARAMETRIC STUDY OF THE H-SHAPED
The characteristics of resonant frequency with respect to the side strip width b are presented in Figure 6 . In this calculation, other parameters of the H-shaped patch antenna are fixed as: w = , it is also found that the decrease in the side strip width b will lead to large values of resonance resistance. Actually, these observations are in accordance with previous experiences in the conventional rectangular patch antenna [4] [5] [6] [7] . Based the results in the above figures, the design of the H-shaped patch resonant at a specific frequency can be realized by properly choosing the length and the width of the center strip and the side strip.
Electric Field and Current Distribution
To further understand the physical mechanism of the H-shaped patch antenna, it would be much helpful if we could know the electric field and current distributions. Figures 7, 8 and 9 clearly show the distributions of the electric fields E x , E y and E z in the case when the parameters of the H-shaped patch antenna are b = 33 mm, w = 14.3 mm, s = 26 mm, ε r = 2.5, h = 1.59 mm, and the center strip width d is changed to 2 mm, 10 mm and 33 mm, respectively. These distributions at resonance are calculated at 0.75 GHz, 1.14 GHz and 1.74 GHz, respectively. In the case of d = 33 mm, the distribution of the electric field E z is found to correspond to the field distribution of TM 100 mode of the conventional rectangular patch antenna. The distributions of electric field components E x , E y and E z in the H-shaped patch are shown to be quite different from those of the conventional rectangular patch, just as expected. The distributions of electric fields also vary with the change of the center strip width. The results show that for the H-shaped patch antennas, the distribution of the electric field component E z . is anti-symmetrical in the patch length direction (along the x axis here). The electric fields E x , E y and E z . are generated at all edges of the H-shaped patch. These fringing fields are the radiating sources in the H-shaped patch antenna.
The distributions of the surface currents at resonance on both the patch and the ground plane are presented in Figures Figure 12 , it is seen that the electric current distributions are strongly affected by the H shape. This resulted electric current distributions lead to the decrease of the resonance frequency. Very large currents J x are shown on the H-shaped patch and ground plane; consequently, these current distributions are considered to excite the inner electric and magnetic fields between the patch and the ground plane. The current J x of the H-shaped patch has the largest amplitude upon the center strip area, which is much narrower than the side strips. This phenomenon is physically understandable in accordance with the continuity of current. It is noted that for the H-shaped patch, the current J x upon the center strip is non-uniform along the y axis, with the maximum values at the patch edges along y axis. The magnitude of J x , i.e., the copolar current component, is symmetric with respect to the center point and in phase on almost the entire surface except in the vicinity of the feed point [ Fig. 10(a) and Fig.  11(a) ] . The magnitude of J y , i.e., the crosspolar current component, is also symmetric with respect to the patch center, but out of phase on two sides [ Fig. 10(b) and Fig. 11(b) ]. It is also interesting to note that the current distributions on the ground plane seem to be just the image of the current distributions on the patch. 
Radiation Patterns
The radiation patterns of the H-shaped patches with different center strip widths are shown in Figure 13 . Figure 13(a) shows the Eplane radiation patterns for the patch antenna, where the parameters of the H-shaped patch antenna are b = 33 mm, w = 14.3 mm, s = 26 mm, ε r = 2.5, h = 1.59 mm, and the center strip width d is changed as 2 mm, 10 mm and 33 mm, respectively. These patterns are calculated at 0.75 GHz, 1.14 GHz and 1.74 GHz, respectively. It is seen that when the center strip width d decreases, the radiation patterns are broadened in the E plane. According to the numerical results, slightly broadening of radiation pattern in the H plane is also found. However, in the cases studied, the extent of broadening is so small in the H plane that they seem to coincide, as shown in the Figure  13 (b). The effects of other parameters on the radiation patterns are also studied. It is found that the patterns in both the E and H planes will be broadened with the increase of center strip length s, or the decrease of side strip length w, or the decrease of side strip width b. These results are not presented for brevity.
CONCLUSIONS
Based on the finite-difference time-domain (FDTD) method, the characteristics of the H-shaped microstrip patch antenna are studied. Firstly, the FDTD code developed by us is verified by available measurement results. As the H-shaped patch antenna has a smaller size than those of conventional rectangular patch antenna and the ring antenna, it is very promising for many practical applications. The variations of resonant frequency with respect to different antenna parameters (including the center strip length and width, and the side strip length and width) are illustrated and discussed. It is shown that the reduction of center strip width is a very effective way of reducing the antenna size. The electric field distributions, and current distributions on both the patch and the ground plane for the H-shaped patch antenna with different center strip widths are described and presented. Finally, radiation patterns in the Eand H-planes for the H-shaped patch antenna with different center strip widths are given. It is shown that the E-plane patterns are broadened with the decrease of center strip width. Detailed numerical results are presented, which are useful for practical antenna designs.
Compared with other techniques of realizing compact antennas, i.e., using high dielectric constant material [8] or adding shorting pins [9] [10] [11] [12] , the H-shaped patch antenna has advantages of low cost and ease of fabrication. Because the H-shaped patch has a small size, compact antenna with circular polarization can also be realized by sequentially rotating of the H-shaped patch [26] . Further work is still on the way to design high performance arrays with the H-shape patch antenna.
